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Neurons in layer 4 (L4) of the cortex play an important role in transferring signals from thalamus to other layers of the cortex. Under-
standing the fundamental properties of synaptic transmission between L4 neurons helps us gain a clear picture of how the neuronal
network in L4 cooperates to process sensory information. In the present study, we have determined the underlying parameters that
govern synaptic strength, such as quantal size, size of readily releasable vesicle pool, and release probability (Pr) of excitatory synaptic
connections within L4 of the visual cortex (V1) and the somatosensory cortex (S1) in mice. Although only a single vesicle is released per
release site under physiological conditions at V1 synapses, multivesicular release (MVR) is observed at S1 synapses. In addition, we
observed a saturation of postsynaptic receptors at S1 synapses. Other synaptic properties are similar in both cortices. Dynamic clamp
experiments suggest that higher Pr and MVR at S1 synapses lower the requirement of the number of synaptic inputs to generate
postsynaptic action potentials. In addition, the slower decay of synaptic current and the intrinsic membrane properties of the postsyn-
aptic neuron also contribute to the reliable transmission between S1 neurons.
Introduction
Synaptic strength is determined by both presynaptic andpostsyn-
aptic factors. Three parameters, the number of releasable units,
release probability (Pr), and the quantal size (q), set synaptic
strength (Del Castillo and Katz, 1954). Changes in these param-
eters lead to alterations in synaptic strength, which result in
short- and long-term synaptic plasticity (Thomson, 2000; Zucker
and Regehr, 2002). Based on the manner in which synaptic
vesicles are released upon a single nerve impulse, two distinct
hypotheses of the release process were proposed. The first hy-
pothesis, so-called “one-site, one-vesicle,” suggests that only one
vesicle can be released at one site after one action potential (AP)
(Korn et al., 1981;Gulya´s et al., 1993; Buhl et al., 1997; Egger et al.,
1999; Feldmeyer et al., 1999; Silver et al., 2003; Murphy et al.,
2004; Biro´ et al., 2005). Based on this model, changes in synaptic
strength are all or none and the rate of vesicular replenishment
following a release event becomes crucial for a steady-state rate of
neurotransmission (Stevens and Wang, 1995; Dobrunz and
Stevens, 1997). The alternate hypothesis, multivesicular release
(MVR), provides more flexibility by allowing variations in the
number of vesicles released (Tong and Jahr, 1994; Wadiche and
Jahr, 2001; Oertner et al., 2002; Watanabe et al., 2005; Li et al.,
2009). However, the existence of MVR, particularly at cortical
synapses, remains controversial. Variability of synaptic responses
is further determined by postsynaptic receptor properties such as
saturation and desensitization, which reduce fluctuations of syn-
aptic response, and changes synaptic reliability (Trussell et al.,
1993; Foster et al., 2002; Harrison and Jahr, 2003).
Short-term plasticity is important for signal transmission in
the sensory pathway because the time scale of incoming sensory
signals is similar to that of short-term plasticity (Abbott et al.,
1997; Zucker and Regehr, 2002; Cook et al., 2003; Abbott and
Regehr, 2004). To understand how sensory information is pro-
cessed in the cortex, it is necessary to investigate the synaptic
properties of cortical synapses. In this study, we determined the
quantal properties of excitatory connections between regular-
spiking (RS) neurons in layer 4 (L4) of visual cortex (V1) and
somatosensory cortex (S1) quantitatively. This connection is
known as a model system of cortical synaptic transmission, as
previously described (Stern et al., 1992; Feldmeyer et al., 1999;
Petersen, 2002). These neurons in L4 receive signals from the
thalamus and further transmit them to other layers in the cortex.
At the same time, synaptic interactions betweenRSneurons often
connect to each other within a short distance, which allows good
voltage clamp (Lu¨bke et al., 2000; Petersen and Sakmann, 2000;
Lefort et al., 2009). We characterized the basic properties of cor-
tical synapses in two major cortical regions. By comparing these
properties, we addressed the issue of synaptic heterogeneity
among different cortical regions. Furthermore, dynamic clamp
experiments revealed the importance of such heterogeneity at
synaptic level for the reliability of transmission between neurons.
Materials andMethods
Slice preparation. Coronal slices (300m) were prepared from the visual
cortex of postnatal day (P)22–P28 NMRI mice with a vibrating mic-
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rotome (VT1000/S1200S; Leica). For somatosensory cortex, brain slices
(300 m) were prepared from P19–P24 mice (Agmon and Connors,
1991). The slicing solution contained the following (in mM): 125 NaCl,
2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 3 MgCl2, 0.1 CaCl2, 0.4 L-ascorbic
acid, 3myo-inositol, 2 pyruvate, and 25 glucose. Before slicing, the slicing
solution was frozen till it was half ice and half liquid, and then bubbled
with 95%O2/5%CO2. For animals older than P26 (for visual cortex) and
for those older than P23 (for somatosensory cortex), a sucrose solution
was used for slicing instead of normal slicing solution. The sucrose solu-
tion contained the following (in mM): 60 NaCl, 2.5 KCl, 120 sucrose, 25
NaHCO3, 1.25 NaH2PO4, 3 MgCl2, 0.1 CaCl2, 0.4 L-ascorbic acid, 3
myo-inositol, 2 pyruvate, and 25 glucose. After a brain slicewas cut, it was
transferred to a chamber with extracellular solution and incubated at
37°C for 1 h. During the incubation, the solution was constantly bubbled
with 95%O2/5%CO2. The extracellular solution contained the following
(in mM): 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2
CaCl2, 0.4 L-ascorbic acid, 3 myo-inositol, 2 pyruvate, and 25 glucose.
After incubation, the slices were stored in the same solution at room
temperature and was bubbled with 95% O2/5% CO2.
Electrophysiology. L4 neurons can be recognized by their round shape
and the small size of the somata (Stern et al., 1992; Feldmeyer et al., 1999).
The relative location of those neurons in the six-layer structure of the
cortex was carefully examined. Whole-cell voltage-clamp recordings
were performed on the soma of L4 neurons. After a connected pair was
identified, EPSCs under different conditions were recorded (EPC 10,
HEKA) at a sampling rate of 50 kHz (filtered at 3–6 kHz). The resistance
of glass pipettes we used was 3–5 MOhm, and the intracellular solution
contained the following (in mM): 140 potassium gluconate, 20 KCl, 10
HEPES, 5 ATP-Mg, 5 phosphocreatine, and 0.5GTP, andwas adjusted to
pH 7.2 with KOH. The osmolarity of this solution was 330 mOsm.
Liquid junction potential (10mV)was not corrected. Series resistances
were all 20 MOhm, and 20–50% compensation was used. The data
were further offline filtered with a low pass filter at 1 kHz before analysis.
In some experiments, 50 M D-AP5 (Tocris Bioscience) was applied, but
NMDA receptors did not contribute to the peak EPSC amplitudes in our
study (supplemental Fig. S1, available atwww.jneurosci.org as supplemental
material). To prevent saturation of postsynaptic AMPA receptors, 0.5 mM
kynurenic acid (Tocris Bioscience) was added to extracellular solution in
some experiments. In addition, in some experiments, 10 mM tetraethyl-
ammonium (TEA; Sigma) were applied to increase the releasing proba-
bility. In readily releasable pool (RRP)-depletion experiments, one half
or two-thirds of the potassium gluconate were replaced with cesium
gluconate, and 10mMTEAwere applied to block potassium channels and
to prevent repolarization. Also, D-AP5 was always applied in this exper-
iment. All experiments (except those in Figs. 1 and 2) were performed at
30–35°C.
Variance-mean analysis. Fifty hertz train stimulationswere applied to a
presynaptic neuron and EPSCs were recorded from a postsynaptic one.
The stimulus trainwas applied every 10–20 s andwas repeatedmore than
20 times. The data were excluded from analysis when rundown of the
EPSCs was noticed. The amplitude of each EPSCwas calculated from the
average of five data points around the peak minus the baseline of each
peak. The baseline was the average 50 points (1 ms) just before the
onset of EPSCs. The stimulation was repeated over 20 times and the
amplitude of each peak EPSC was taken for analysis. We averaged
the EPSCs of each peak (first, second, third, and so on) over all stimuli
and the mean and the variance were obtained. These two parameters of
each peak were plotted against each other. The estimation of N, Pr, and q
was done according to Scheuss and Neher (2001). Definition of N is the
number of functional release sites or the vescicle number of RRP, which
should be a fixed number. Pr refers to the combination of probability of
vesicle occupancy at the slot and vesicular release probability, and q is the
postsynaptic current amplitudes induced by a single vesicle release
(Vere-Jones, 1966).
Deconvolution. The EPSCs were deconvolved with the mEPSC to esti-
mate transmitter release rates (Van der Kloot, 1988; Diamond and Jahr,
1995). In practice, we used the same procedure as Neher and Sakaba
(2001), except that no residual current component due to delayed clear-
ance of glutamate was assumed. In each cell pair, the decay time constant
of mEPSC was adjusted by varying the time constant until spontaneous
events become delta-pulse-like events in the release rate trace. The
mEPSC amplitudes were assumed to be 5 pA in the presence of 0.5 mM
kynurenic acid (Kyn), which was verified by variance-mean analysis
(supplemental information 5, available at www.jneurosci.org as supple-
mental material).
Dynamic clamp experiments. The simulated excitatory synaptic cur-
rent was injected into the soma by a homemade hardware realization
of dynamic clamp setup. It was composed of three stages, as follows:
input signal filtering and conditioning (analog circuit), digitalization
(AD7495; Analog Devices) and calculation (AT32AP7000; Atmel),
and digital-to-analog conversion (DA5620; Analog Devices). The
control program was written in C (with development environment
AVR32 Studio 2.5.0 and compiler avr32-gcc 4.3.2). The simulated
synaptic current, I, was calculated from the voltage-independent con-
ductance, g, and the instantaneous driving force, V  E.
I  g  (V  E). (1)
V is the membrane potential measured from patch-clamp amplifier
and fed to the dynamic clamp in each cycle. E is the reversal potential for
AMPA receptors, which is set to 0 mV. g is modeled by a double expo-
nential waveform
g  G  (exp(t/rise)  exp(t/decay)). (2)
G is a scaling factor for the peak amplitude. rise and decay were the
time constants for the rising anddecaying phases of thewaveformand are
taken to fit the recorded EPSCs. In each cycle of the dynamic clamp
experiment, an updated I was calculated according to Equations 1 and 2
and fed to the soma through the patch pipette. For each simulated syn-
aptic event, the peak amplitude of the conductance was a positive ran-
dom number from a Gaussian distribution with the calculatedmean and
SD from recorded EPSC peak amplitudes (supplemental information 7,
available at www.jneurosci.org as supplemental material). The updated
rate of dynamic clamp was 50 kHz. Experiments were done in the pres-
ence of 10–25 M bicuculine (Sigma).
Results
Variance-mean analysis and the mEPSC amplitude
measurement at L4 neurons in V1
We performed simultaneous paired or triple recordings on the
somata of L4 regular spiking neurons in mouse visual cortex.
First, the neuronal type was identified according to the firing
pattern of a neuron upon a current injection. These L4 neurons
were then classified into three categories: RS neuron, fast spiking
(FS) neuron, and low-threshold spiking neuron (LTS) (Fig. 1)
(Buhl et al., 1997; Gupta et al., 2000; Beierlein et al., 2003). RS
neurons form excitatory synapses onto the postsynaptic neuron,
and FS and LTS neurons form inhibitory synapses. To test
whether a pair of neurons was synaptically connected, we depo-
larized one of the two neurons from 80 to 0 mV for 2 ms to
induce an action potential and examined whether we could
recordmonosynaptic, time-locked responses from the other neu-
ron and vice versa. Furthermore, to exclude disynaptic connec-
tions, only those connections in which the time difference
between the onset of EPSCs and stimulation of the presynaptic
neuron was restricted to5 ms were selected for analysis. In this
report, we focused on only RS–RS connections in L4.
After a connected pair was identified, 50Hz train stimulations
(depolarizations from80 to 0 mV for 2 ms to induce an action
potential) were applied to the presynaptic neuron and the EPSCs
were recorded from the postsynaptic neuron. Figure 2A illus-
trates presynaptic and postsynaptic currents elicited by such
stimulation under 2 mM extracellular Ca2 at room temperature
from a representative connection in V1. A train stimulation al-
lowed us to sample EPSCs at different Pr within one trace. By
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repeating this train stimulation with an interval of 10 smore than
20 times, the variance and mean of the EPSC amplitudes of each
stimulus were obtained and variance-mean analysis (Scheuss and
Neher, 2001; Silver, 2003) was performed to determine the syn-
aptic parameters N, Pr, and q (seeMaterial andMethods). Figure
2A shows that the relationship between variance and mean was
linear. This indicates that Pr is low and only q could be obtained
from this analysis. On average, the q estimated by variance-mean
analysis was 9.2 2.9 pA (n 3, before corrected with a correc-
tion factor of 27%) [supplemental information 4, available at
www.jneurosci.org as supplemental material, for coefficient of
variation (CV) calculation]. We looked into the individual traces
of each connection. As shown in Figure 2B, after the ninth stim-
ulus, the EPSCs started to fluctuate in an all-or-nonemanner and
the amplitudes of the success events remained the same, which
might indicate that it resulted from release of a single vesicle. On
the contrary, the amplitude of fifth EPSC exhibited considerable
variability, indicating that more than one vesicle was released
from the terminals at the fifth stimulus. We examined the EPSCs
after the ninth stimulus in three connections, with a total of 49
individual events. The failure rate was 0.5 for each stimulus
(when we pooled responses from all stimuli, the overall failure
rate was 0.9), and the average amplitude of successful events
was 9.3 0.7 pA (n 49). These amplitudeswere consistentwith
those calculated from the variance-mean analysis, implying that
the estimates from our method were valid.
To further confirm our results, we measured evoked mEPSCs
and constructed anmEPSC amplitude histogram. Formeasuring
evoked mEPSCs, the extracellular Ca2 was reduced to 0.4–0.6
mM (Katz and Miledi, 1965; Isaacson and Walmsley, 1995), and
the divalent cation concentration was kept constant by corre-
spondingly increasing the concentration of Mg2 to 3 mM. A 2
msdepolarization (from80 to 0mV)was applied repetitively to
the presynaptic cell with an interval of 3 s, instead of 10–20 s, in
this particular set of experiments, and the EPSCs were recorded
from the postsynaptic cell. We calculated the failure rate in each
connection and only the ones with a failure rate0.5 were taken
for further analysis. Overall, 126 mEPSC events were recorded
from five connections, and the average failure rate was 0.6. The
average mEPSC amplitude was 10.8 0.48 pA. The distribution
of mEPSC amplitudes were plotted together with the ones re-
corded from the train stimulation experiment in Figure 2C. The
Figure 1. Three classes of excitatory connections in L4 of V1. The configuration of a paired recording from two neurons under bright field, and fluorescence images are shown (left andmiddle).
The right panel shows the firing pattern of the postsynaptic neuron. Top, The connection between two RS neurons. The right panel shows the firing pattern of a RS neuron. Middle, The connection
between a RS neuron and a FS neuron. The right panel shows the firing pattern of a FS neuron. Bottom, The connection between a RS and a LTS neuron. The right panel shows the firing pattern of
a LTS neuron.
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amplitude distribution of mEPSC measurement was slightly
skewed to the right and had a CV of 0.52. The histogram of these
two methods (evoked mEPSCs and EPSC events during the late
period in the train) overlapped quite well. Also the average
mEPSC amplitudes were similar andmatched closely with quan-
tal amplitudes estimated from the variance-mean analysis.
Estimation of N, Pr, and q under physiological condition with
variance-mean analysis
To examine the quantal parameters under more physiological
conditions, the recording temperature was raised to 30–32°C in the
following experiments. We repeated the same 50 Hz train stimula-
tion protocol on RS–RS connections in V1 and applied
variance-mean analysis to the evoked EPSCs in a stimulus train.
In Figure 3A, left, the relationship of variance and mean could be
fitted with a parabola in some connections. This indicates that tem-
perature raises Pr considerably. From the parabola fit, the q and N
were estimated. The average qwas 9.88 1.09 pA (n 5). Postsyn-
aptic receptor saturation may have caused a parabolic relationship
(Meyer et al., 2001; Foster and Regehr, 2004). Therefore, we applied
0.5 mM Kyn, a low affinity AMPA receptor antagonist (Diamond
and Jahr, 1997;Wadiche and Jahr, 2001) to the brain slice. Result is
shown in Figure 3A. With Kyn, the variance-mean relationship of
EPSCs was linear in three connections (Fig.
3A, right) andwas parabola in four (Fig. 3A,
left) of seven connections. Assuming the
difference of these two groups (linear vs pa-
rabola) resulted from different Pr, only the
four examples with a parabola relationship
could be used to calculate the N and the Pr.
The average N was 7 1.1 (n 4) and the
average Pr was 0.59 0.05 (n 4). How-
ever, the average Prmust be lower than 0.59
because of three linear cases (0.5). This
indicates that the release probability is het-
erogeneous at V1.
Although in some cases the Prwas high
enough to show a parabolic relationship,
the fraction of linear ones in the popula-
tion was high as well. Therefore, we at-
tempted to increase the Pr so that we
could increase the number of parabola
cases, thus allowing us to estimate N. To
achieve this goal, we first tried the conven-
tional way of increasing Pr by elevating
the extracellular Ca2 concentration to 4
or 8 mM Ca2. However, we could not
observe any augmentation of EPSCs with
highCa2 (data not shown).One possible
reason could be the surface-charge
screening effect due to excess divalent cat-
ions. Hence, another method was tested,
which was to apply 10 mM TEA, a K
channel blocker, along with 0.5 mM Kyn,
which is a low affinity AMPA receptor an-
tagonist, in the bath. TEA is known to
broaden the action potential waveform
and thus increase the Ca2 flux, which as
a result might increase the Pr at terminals
with TEA. Because rundown of release
was faster under TEA (possibly due to the
increased Pr), it was difficult to perform
variance-mean analysis under both con-
trol and in the presence of TEA. The result is shown in Figure 3B.
The average Pr was elevated to 0.69  0.03 (n  11), which
showed that TEA did increase Pr. However, for a fraction of cells,
the linear relationship remained (6 of 17 connections). We
pooled all parabola cases in both experiments (with Kyn only and
with Kyn and TEA), assuming that the N should be intrinsically
the same as that of other synapses, and the final estimate of Nwas
6.3 1.0 (n 13).
Depletion of the readily releasable pool and calculating
release rates with the deconvolution method
To verify the results from variance-mean analysis, we performed
experiments to deplete the RRPof synaptic vesicles andmeasured
the actual number of released vesicles. Part of the potassium in
the intracellular solutionwas replacedwith cesium, a K channel
blocker, and the concentration ratio of Cs to K in the intra-
cellular solution was 2:1. We did not replace all K with Cs
because cells did not tolerate such an extreme condition at phys-
iological temperature. After a connected pair was identified, 10
mM TEA was applied to the bath to further block potassium
channels. Subsequently, 0.5 mM Kyn was also added to prevent
postsynaptic receptor saturation. With application of both Cs
and external TEA, we aimed for a step-like long depolarization at
Figure 2. Variance-mean analysis predicts quantal sizes, which matches with the mEPSC amplitudes. A, Top, Presynaptic
current of a representative RS–RS connection in V1 upon a short depolarization at room temperature. Middle, Mean EPSC corre-
sponding to the stimuli from the same connection. Bottom, Variance-mean relationship. Black solid circles represent the relation-
ship of the variance and themean of the EPSC amplitudes upon a stimulus train obtained from20 repetitions. The line fit (black
line) estimates q 14.2 pA. B, Individual EPSC traces from the same connection as A. Ten individual traces of 20 repetitions are
superimposed to show the fluctuation of EPSCs. The gray traces are the close look at individual peaks of the fifth and the ninth
stimuli. C, Histogram of the evoked mEPSCs obtained under low external Ca 2 (white bar). Inset, representative mEPSC traces
under low Ca 2. Gray bars indicate the histogram of mEPSCs obtained from train stimulation experiments.
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the terminal, similar to the original idea of
Katz and Miledi (1967) at the squid giant
synapse. As shown in Figure 4A, two 100
ms depolarizations were given to the pre-
synaptic neuron with an interval of 200
ms, and the EPSCs were recorded from
the postsynaptic neuron. The protocol
was repeated several timeswith an interval
of10 s, allowing the cell to fully recover
from the previous stimulus. The second
depolarization was applied to ensure
complete depletion of the RRP, which was
achieved in seven cell pairs. Although a
perfect voltage clamp of the presynaptic
terminal was not expected, relatively short
length of axons (Feldmeyer et al., 1999),
together with Cs-mediated blocking of
K channels, may have helped to attain
sufficient stimulation of the terminal. The
N was then calculated by the deconvo-
lution method (Van der Kloot, 1988;
Diamond and Jahr, 1995). Figure 4B
shows the cumulative trace of release from
a representative connection. On average,
the N was 8.3 0.9 (n 7). There was no
significant difference between the results
from variance-mean analysis and the de-
pletion experiment (t test, p  0.13).
Therefore, we concluded that the esti-
mated N was valid (the assumption above
was fulfilled). The result also suggests that
a strong depolarization does not recruit
an additional pool of vesicles that are not
used during an AP. The vesicle replenish-
ment rate following the RRP depletion
could be obtained from the cumulative
trace. In V1, the time required to refill the
whole RRP (Trec) under high [Ca
2] was
91.4  15.5 ms (n  7), which was esti-
mated by fitting the cumulative release
trace with an exponential (representing
the RRP) and a linear line (representing
the replenishment). One may expect to
see more recovered responses during the
second pulse (applied at a 200 ms inter-
val), given that the replenishment rate is
100 ms. Possibly, the Ca2-dependent
component of vesicle replenishment is ac-
celerated during the pulse, but a drop in
Ca2 after the pulse would decrease the
rateof replenishment (DittmanandRegehr,
1998;Wang andKaczmarek, 1998;Hosoi et
al., 2007).
Saturation of postsynaptic receptors at
RS–RS connections in S1
From the data above, we have obtained
the three important quantal parameters
(N, Pr, and q) of RS–RS synapses in V1. The N of RS–RS connec-
tions in V1 was quite different from that determined in S1 syn-
apses. According to Feldmeyer et al. (1999), the morphological
synaptic contact number was three to four (Egger et al., 1999).
Therefore, we examined whether the synaptic properties were
different among different cortical areas. We repeated the
variance-mean analysis and the depletion experiments at the
RS–RS connections in the L4 of S1 at physiological temperature
(30–35°C). The variance-mean analysis result is shown in Figure
3C. In the control group, the variance exhibited a shallow depen-
Figure 3. Estimation of N, Pr, and q under physiological conditionwith variance-mean analysis.A–C, Top, Presynaptic currents
of a representative RS–RS connection in V1 upon a short depolarization. Middle, Mean EPSCs in response to the stimuli from the
same connection. The gray trace is the control group and the black one was obtained under 0.5 mM Kyn. Bottom, Variance-mean
relationship of the EPSCs both in control (black hollow circles) and in the presence of Kyn (black solid circle). A, Left, The parabola
fit of the control (dashed line) estimates N 4.2 and q 8.7 pA. The fit of the group under Kyn (solid line) estimates N 7 and
q5pA. Right, The linear fit of the control (dashed line) estimates q7.8pA. The fit of thegroupunder Kyn (solid line) estimates
q 3.3 pA.B, Traceswere obtained from the experimentswith TEA andKyn in V1. The parabola fit estimatesN 7.6 andq 3.9
pA. C, Traces from a representative RS–RS connection in S1. The parabola fit of the group with Kyn (black filled circles) estimates
N 6.25 and q 5.3 pA.
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dence on the mean. When a parabola was fitted to the data, the
intercept of x-axis was far above 0. This indicates that the
variance-mean analysis is not valid. It is possible that some
postsynaptic factors, for example, saturation of the postsynaptic
receptors (Foster and Regehr, 2004) distorted the relationship.
To test this, we applied 0.5 mM Kyn to the slice and, as seen in
Figure 3C, the variance-mean relationship was restored to pa-
rabola shape. Therefore, at RS–RS synapses in S1 postsynaptic re-
ceptor, saturation played a role during short-term synaptic
plasticity. Under Kyn, the N in S1 was 7.4  1.3 and the Pr was
0.66 0.03 (n 9). There was no significant difference between
both values in S1 and those in V1 (t test; N, p 0.5; Pr, p 0.27).
It is worthwhile to note that, in S1, all connections showed a
parabola relationship under Kyn, whereas in V1, approximately
half of the population was linear. Therefore, the overall Pr in V1
must be lower than S1 and more heterogeneous. Next, we per-
formed the RRP depletion experiment to confirm the N from
variance-mean analysis. The N was 8.1 2.0 (n 7), which was
not significantly different from the value
from variance-mean analysis (t test, p 
0.77). However, this number is much
higher than previous estimates of the
number of release sites at S1 (3 or 4; see
Discussion) (Buhl et al., 1997; Feldmeyer
et al., 1999). Trec at high [Ca
2] in S1 was
34.3 6.4ms (n 7). The summary ofN,
Pr, q, and Trec of RS–RS synapses in both
cortical areas is shown in Table 1.
A close look at the blocking effect of
Kyn suggests multivesicular release
in S1
As shown previously, Kyn restored the
distorted variance-mean relationship of
RS–RS connections in S1. Because differ-
ential block of Kyn is a strong indicator of
MVR (Wadiche and Jahr, 2001), we
looked into the blocking effect in more
detail. Figure 5A illustrates the blocking
efficiency of Kyn in both cortical areas. In
the S1 group, the second and subsequent
EPSCs were blocked significantly more
than the first one, whereas there is no sig-
nificant difference in V1. Even in the con-
nections with high Pr, there was no
differential block at V1. Differential block
was not seen with NBQX (supplemental
Fig. S2, available at www.jneurosci.org as
supplemental material), a high affinity
AMPA receptor antagonist, arguing
against a voltage-clamp problem (Wadi-
che and Jahr, 2001). This result suggests
that the local glutamate transient in the
synaptic cleft changes during the train
stimulation in active synapses in S1, but
not in V1, under physiological condition.
However, when TEA was applied to fur-
ther increase Pr, a differential block of
Kyn was also observed in V1 (supplemen-
tal Fig. S3, available at www.jneurosci.org
as supplemental material). Though the ef-
fect is still less than in S1 under control
condition, these data suggest that MVR
could occur at RS–RS connections in V1 under high Pr but pre-
dominantly only one or no vesicle is released at a given site in the
majority of the connections in V1 under physiological condition.
The main reason for the low number of released vesicles is pri-
marily due to a low Pr in V1 rather than some special transmitter
release mechanism such as single vesicle constraint or lateral in-
hibition of release.We analyzed the blocking effect in an alternate
way by plotting the depression curve of the train stimulation trace
in Figure 5B. Here the EPSC amplitude was normalized to the
first EPSC amplitude of each stimulus train. Again, in S1 the
depression curve was significantly deeper under Kyn. Consis-
tently, when we calculated paired-pulse ratio (PPR) of the first
two EPSCs in a train, Kyn reduced the PPR at S1 but not at V1
(supplemental Fig. S6, available at www.jneurosci.org as supple-
mental material). These results, together with Figure 5, suggest
that postsynaptic receptor saturation reduces the synaptic de-
pression significantly, making the synapsemore stable during the
Figure 4. Depletion of the readily releasable pool and calculating cumulative release with deconvolution method. A, A repre-
sentative depletion trace from a representative RS–RS connection in V1. Top, Stimulation protocol. The presynaptic neuron was
depolarized from80 to 0mV for 100msand, after an interval of 200ms, the second100msdepolarizationwas applied to the cell
to test the remaining vesicles within the RRP. Middle, One representative individual EPSC responding to a strong depolarization.
Upon the seconddepolarization, therewasnovesicle released, indicatingdepletionof theRRP.Bottom,Cumulative traceof release
(Cum. Rel.) from deconvolution of the EPSC. The two components (an exponential and a line) fit is shown in the dashed line. From
the fit, the number of vesicles in the RRPwas estimated to be 7.4, the time constant of RRP depletionwas 0.89ms, and the vesicle
replenishment rate constantwas 70ms in this case.B, The order of panels is the sameasA, butB shows a representative trace from
a representative RS–RS connection in S1. The cumulative trace of release was filtered at 1 kHz, so it is less noisy than that in A, but
this would not change the result. The fitting result shows that the number of vesicles within the RRPwas 7.8, the time constant of
RRP depletion was 3 ms, and the replenishment rate constant was 28 ms in this example.
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train. However, V1 connections did not exhibit postsynaptic re-
ceptor saturation under the same condition.
S1 connections can induce a postsynaptic APmore reliably
than V1 connections
The results above suggest that RS–RS connections in S1 are more
reliable than those in V1. It remains to be tested how reliably a
presynaptic AP can induce a postsynaptic AP. To test this issue,
we first conducted simultaneous double-patch recordings and
examined whether a presynaptic AP could induce a postsynaptic
spike under current-clamp mode. However, whereas in both S1
and V1 only EPSPs were observed, no postsynaptic spikes were
elicited upon a single AP (data not shown), in contrast with pre-
vious studies (Egger et al., 1999; Feldmeyer et al., 1999). This
indicates that the input from a single neuron is not sufficient to
trigger APs at a postsynaptic neuron; more inputs might be re-
quired for postsynaptic firing. Due to the technical difficulty of
conventional electrophysiology, only a limited number of cells
can be patched at the same time, so instead we performed dy-
namic clamp (Prinz et al., 2004) to systematically change the
number of presynaptic neurons.Dynamic clamp is different from
voltage clamp and current clamp because instead of clamping the
membrane potential or current, conductance is applied to the cell
and the amount of current flow depends on the instantaneous
membrane potential. In our case, this method has the advantage
that a postsynaptic neuron can be excited by virtual presynaptic
inputs, which therefore precludes the need to patch several pre-
synaptic neurons at the same time and hence test the reliability of
producing spikes at the postsynaptic neuron. To mimic the real
conductance change at a postsynaptic neuron upon an AP at a
presynaptic neuron, the EPSCs measured at the soma of the
postsynaptic neuron in the previous sets of experiments were
used for the waveform of a unitary synaptic conductance and in
calculating the mean peak amplitude and its variance (supple-
mental information 7, available at www.jneurosci.org as supple-
mental material). We assumed that multiple inputs are a linear
summation of the unitary synaptic conductance and that they all
arrive at the soma at the same time. This assumption may be
overly simplistic compared with the real situation where inputs
are not necessarily synchronous.However, it has been shown that
L4 neurons can be simultaneously activated under physiological
conditions (Petersen and Sakmann, 2001). Different number of
inputs (presynaptic neurons) (from four to 40 cells, with an in-
creased step of four)was applied simultaneously at a postsynaptic
neuron (restingmembrane potential was held at50mV). For
each number of inputs, 50 stimuli were given at an interval of 200
ms, and the EPSPs elicited upon the conductance change were
recorded at a postsynaptic cell. First, we compared the threshold
number of inputs required to elicit APs at the postsynaptic neu-
ron in both cortices (Fig. 6A). Here, threshold was defined as the
minimum number of inputs required to induce an AP spike dur-
ing the entire protocol (50 stimuli). In V1, some postsynaptic
neurons did not fire any AP until the highest number of synaptic
inputs was applied; in these cases, the highest number plus four
was given for the threshold number. As Figure 6A shows, the
threshold number of S1 connections (13 inputs) was significantly
lower than that of V1 connections (28 inputs). Second, the prob-
ability of AP firing upon stimulation was plotted against the
number of inputs in Figure 6B. Clearly, more APs were observed
upon the same number of inputs at S1 connections than at V1
ones. Therefore, either the intrinsic membrane properties are
different and the S1 neurons fire more easily or the synaptic
conductances at S1 induce more firing. To study the effect of the
latter, synaptic conductances of S1 and V1 were injected into the
same neuron (either S1 or V1) in the next set of experiments.
Figure 6, C and D, show that the S1 conductance induced APs
more reliably at both S1 and V1 postsynaptic neurons (for quan-
tification by fitting with a Hill function, see supplemental Fig. 8,
available at www.jneurosci.org as supplemental material). These
results strongly support the argument that S1 connections aremore
reliable than V1 connections, due to their synaptic properties.




Variance-mean Mini Variance-mean Pool depletion Depression curve Pool depletion
V1 9.2 2.9 pA (n 3, RT) 10.8 0.48 pA 7.0 1.1 (n 4, without TEA) 8.3 0.9 (n 7) 0.59 0.05* (n 4, without TEA) 100 ms (Pr 0.45) 91.4 15.5 ms (n 7)
9.0 0.9 pA (n 4, PT) 6.0 1.3 (n 11, with TEA) 0.69 0.03* (n 11, with TEA)
S1 7.4 1.3 (n 9) 8.1 2 (n 7) 0.66 0.03 (n 9) 71 ms (Pr 0.55) 34.3 6.4 ms (n 7)
qwas obtained under control conditions, but variance-mean analysis did not work properly at S1. Under Kyn, qunatal sizes were estimated to be 5.5 0.73 pA and 5.5 0.7 pA in V1 and S1, respectively. Vesicle replenishment rates were
estimated from the cumulative release trace in Fig 4 or from the depression curve during a 50 Hz train under Kyn (Fig 5). A simple vesicle pool depletionmodel (a single RRPwith fixed replenishment rate) could explain the depression curve
under Kyn, when the Pr was set to 0.55 and 0.45 and the replenishment rate was set to 71 ms and 100 ms in S1 and V1, respectively. RT, Room temperature; PT, physiological temperature.
*Considering that in V1, some connections did not show parabola relation in variance-mean analysis, the average Pr should be smaller than the value presented here in the table.
Figure 5. A close look at the blocking effect of 0.5mMKyn.A, The remaining fraction of EPSC
after blocking by Kyn. The EPSCs amplitude of each peak with Kyn was divided by that of the
control group. The figure shows the average ratio of the first to the fourth peak over all connec-
tions we recorded. Left, Results from S1. There is a significant difference between the first peak
and the rest (paired t test, first vs second, p 0.0007; first vs third, p 0.0009; first vs fourth,
p 0.009). The right panel shows the results from V1. There is no significant difference be-
tween the first peak and the rest (paired t test, first vs second, p 0.81; first vs third, p 0.72;
first vs fourth, p 0.9).B, The depression curve of synaptic transmission is shown. The EPSCs of
each stimulus are normalized to the first one. The filled circles represent the control group and
the open circles represent the group under Kyn. Left, Results from S1. Right, Results from V1. In
S1, there was significant difference (paired t test, p 0.05) between control group and the
condition under Kyn, whereas in V1 there was no significant difference (paired t test, p 0.1)
between the two groups.
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There are three differences in the conductance waveform pa-
rameters between S1 and V1: the peak amplitude, decay time
constant, and fluctuation (standard deviation). We isolated the
effects of decay time constant and fluctuation in Figure 7 by
replotting the AP probability against the amplitude of synaptic
conductance. Although the AP probability was not significantly
different between applying V1 conductance and S1 conductance
at the V1 postsynaptic neurons (data not shown), it showed a
difference at the S1 postsynaptic neurons (Fig. 7A). Furthermore,
we found that decreasing the decay time constant from 3 to 2 ms
decreased the AP probability in S1 (Fig. 7B), which explained
40% of the total difference shown in Figure 6D. On the other
side, fluctuation of the amplitudes, which is determined by the
transmitter release fluctuation and the postsynaptic receptor sat-
uration, had only a minor effect (Fig. 7C,D). Therefore, the peak
synaptic conductance (determined byMVRandPr), aswell as the
synaptic decay (determined postsynaptically), make a difference
in the postsynaptic AP firing between S1 and V1.
When Figure 6 panels B–D were compared, the differences
seem to be more pronounced in Figure 6B. In addition, Figure 6,
Figure 6. S1 connections induce postsynaptic spikes more than V1 connections. Dynamic
clamp was used to examine the consequences of the different synaptic features between the
two cortical areas on the postsynaptic AP firing. The synaptic conductances obtained from S1
and V1 are GV and GS, respectively. A, The threshold input number required to elicit APs at a
postsynaptic neuron in S1 and V1,when GS and GVwere applied to S1 and V1, respectively. The
threshold in S1 was significantly lower than that in V1 (t test, p 0.0002). B–F, The probabil-
ities of firing APs at a postsynaptic neuron upon different input number were plotted. Filled
circles represent the AP probability when S1 postsynaptic neurons were stimulated with S1
input parameters (with conductance changemeasured fromS1 connections) (n16–22 cells;
n 5 cells for the data point of 28 inputs). Open circles represent the AP probability when V1
postsynaptic neuronswere stimulatedwith S1 input parameters (n 3–9 cells). Filled squares
represent the AP probability when V1 postsynaptic neurons were stimulated with V1 input
parameters (n8–16cells,n3 cells for thedatapoint of 40 inputs). Open squares represent
the AP probability when S1 postsynaptic neurons were stimulated with V1 input parameters
(n 7–15 cells).
Figure 7. The effects of decay time constant and fluctuation of the postsynaptic responses
on the postsynaptic AP firing at the S1 neuron. The same experiment as Figure 6, using dynamic
clamp.A, The data are the same as Figure 6D, but the probability of AP firing at the S1 neuron is
plotted against the peak amplitude of synaptic conductance, thereby canceling the effect of a
difference in the amplitude between GV (synaptic conductance from V1) and GS (synaptic
conductance from S1). In this plot, GS induces more firing. When the data were quantified by a
Hill function, the GS data could be fitted with n 5.6 and half maximal of 10,410 pS, whereas
the GV data could be fitted with n 4.4 and half maximal of 13,674 pS, indicating that the
difference is30%. The result indicates that either decay time constant of the synaptic con-
ductance (2 vs 3 ms; supplemental information 7, available at www.jneurosci.org as supple-
mental material) or fluctuation (SD) of the synaptic conductance is responsible for the
difference. The same plot at the V1 neuron showed no major difference between GV and GS
(data not shown).B, The synaptic decay time constant of 2 or 3mswas used. Other parameters
remained the same as the original GS. The number of synaptic inputs was varied and was
applied to the S1 neuron. The 3 ms decay could induce more spikes, indicating that the decay
time constant had a consequence on the postsynaptic firing.When the datawere fitted by aHill
function, the 3msdata could be fittedwithn5.6 andhalfmaximal of 10,411pS,whereas the
2ms data could be fittedwith n 5.5 and halfmax of 13,769 pS, indicating the rightward shift
of the relationship by 30%. Given that GV and GS had a difference in the half maximal of 70%
(Fig. 6),40% of the difference could be explained by different synaptic decay. C, GS with the
decay time constant of 2ms (the same data as B) and GV (originally the decay time constant of
2 ms) were applied to the S1 neuron. The AP probability is plotted against the peak conduc-
tance. The data overlap, suggesting that the GV is less reliable to induce the postsynaptic AP
because of faster synaptic decay, in addition to the smaller peak amplitude.D, In this panel, the
effect of synaptic fluctuation was tested. Because of postsynaptic receptor saturation, GS fluc-
tuates less than the conditionwithout saturation. In this experiment, in addition to the original
GS, the synaptic conductance assuming no receptor saturationwas used. Thiswas calculated by
using the Kyndata, scaling upby the Kynblocking efficiency (mean of 760 pS, SD of 200 pS). The
two conditions had almost no difference (except a small difference at the low end of the input–
output relationship), indicating relatively minor effect of the receptor saturation on the
postsynaptic AP firing.
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E and F, show that the same conductance parameters (regardless
of V1 or S1) elicited higher APmore effectively at the S1 postsyn-
aptic neuron. Therefore, factors other than the synaptic conduc-
tance (such as the intrinsic membrane properties) do affect
reliable AP firing at the S1 neuron upon presynaptic firing. We
quantified the data of Figure 6with aHill function (supplemental
information 8, available at www.jneurosci.org as supplemental
material) and found that contribution of synaptic conductance
and intrinsic membrane properties contribute equally to more
effective AP firing at S1. One possible source could be the input
resistance of the neurons. We measured the input resistance, as
shown in supplemental Figure S9 (available at www.jneurosci.org
as supplemental material), and found no significant difference
between S1 RS neurons and V1 RS neurons (supplemental Fig.
S9C). Furthermore, the input threshold was not dependent on
the input resistance in both cortices (supplemental Fig. S9A,B).
The data show that input resistance does not contribute much
to the reliability of the AP firing at the postsynaptic cell. There-
fore, the intrinsic membrane properties, other than input resis-
tance at the postsynaptic neuron, are important to make S1
connections more reliable than V1 connections, which remain to
be investigated in future studies.
Discussion
We have identified quantal parameters in two primary sensory
cortical areas using two independent methods. Pr in V1 neurons
was quite heterogeneous compared with S1. Furthermore, we
observedMVR in RS–RS connections in L4 in S1, whereas in V1,
a single release site can release a single vesicle under physiological
conditions. Together with postsynaptic receptor saturation char-
acteristics, the behavior of a synapse in the two cortical regions
can be well described. In response to a presynaptic AP, the S1
connectionsmore reliably induce the postsynaptic APs due to the
high Pr, MVR, and possibly the synaptic decay and intrinsic
membrane properties. During a train of APs, the receptor satu-
ration, in addition to high vesicle replenishment rates, compen-
sates for vesicle pool depletion such that presynaptic APs can
cause robust postsynaptic responses.
Multivesicular release at cortical synapses
The theory of release process is classified into two hypotheses.
One is the one-release site, one-vesicle hypothesis, which means
that at most one vesicle would be released at one release site upon
anAP (Korn et al., 1981; Silver et al., 2003), and the other isMVR,
whichmeans more than one vesicle can be released at one release
site (Tong and Jahr, 1994). In large synapses like the calyx ofHeld
(Taschenberger et al., 2002), climbing fiber in cerebellum (Wadiche
and Jahr, 2001) and ribbon synapses (Glowatzki and Fuchs, 2002;
Singer et al., 2004; Li et al., 2009) MVR was commonly observed.
Multivesicular release was also found at more conventional syn-
apses such as hippocampal Schaffer collateral-CA1 synapses
(Oertner et al., 2002).However, at cortical synapses it is suggested
that release is constrained to a single vesicle per AP (Buhl et al.,
1997; Egger et al., 1999; Feldmeyer et al., 1999; Silver et al., 2003).
One study reportedMVR at L2/3 neurons in V1 at room temper-
ature (Watanabe et al., 2005), which was in contrast with other
reports in S1 (Rozov et al., 2001; Koester and Johnston, 2005).
Another recent study suggested that MVR occurred at L5 syn-
apses in S1 (Loebel et al., 2009). Here, our data provide strong
evidence in favor ofMVR at RS–RS connections of L4 in S1 under
physiological conditions based on the differential block of Kyn,
which clearly indicates that the local glutamate transient changes
during the train. Because synaptic contacts are spatially separated
(Feldmeyer et al., 1999), glutamate spillover to the neighboring
synapses is highly unlikely. Furthermore, significant receptor sat-
uration was indicated from the variance-mean analysis, which is
consistent with MVR. The single vesicle hypothesis was often
postulated based on the demonstration that the functional N
matched with the anatomical N (Korn et al., 1981; Gulya´s et al.,
1993; Buhl et al., 1997; Silver et al., 2003; Biro´ et al., 2005). Al-
though it is definitely informative to make such comparisons, a
strong correlation between the two numbers does not necessarily
imply that only a single vesicle can be released at each individual
release site upon one AP. This only holds true by assuming that
the release-ready vesicles are evenly distributed among every an-
atomical contact. At central synapses, this assumption is not al-
ways supported and Pr is rather heterogeneous (Rosenmund et
al., 1993; Murthy et al., 1997). Without testing the glutamate
concentration at the release site, one cannot conclude that only
one vesicle is released at one site upon one AP (Silver et al., 2003).
Moreover, the binomial model and variance-mean analysis both
require the assumption that postsynaptic receptors are linear in-
dicators of release. If there is receptor saturation, then the as-
sumption would not be satisfied. One might underestimate N in
such a scenario. The functional N of L4 connections in S1 (6–8)
was twice as many as the anatomical synapse number in rats
(3–4) (Feldmeyer et al., 1999), which is consistent with MVR.
Therefore, assuming anatomicalN as functionalN inRS–RS con-
nections in L4 of S1 (Egger et al., 1999) might be misleading. At
hippocampal and cerebellar synapses, a synapticboutoncontains a
number of docked vesicles (Schikorski and Stevens, 1997; Xu-
Friedman et al., 2001). At cortical synapses, the number of docked
vesicles per active zone has not been measured precisely. A direct
correlation between the number of docked vesicles and the number
of releasable vesicles per synapse remains to be found.
In contrast, RS–RS connections of L4 in V1 did not show a
differential block by Kyn, indicating a single vesicle release under
physiological condition. Since the Pr in V1 is, on average, lower
than that in S1, we tested whether those connections could ex-
hibit MVR when the Pr was increased. Surprisingly, differential
block by Kyn was observed when TEA was applied, suggesting
that a single release site could support release of more than one
vesicle per site upon a single AP at high Pr in V1. This argues
against the existence of a single vesicle release constraint at least in
RS–RS connections. It is important to note that even under high
Pr, the differential block was less pronounced compared with S1.
This means that apart from the Pr, the synapses at the somato-
sensory cortex intrinsically favor MVR. Nevertheless, the differ-
ence in Pr and degree of postsynaptic receptor saturation
distinguishes the same type of connections in two cortical areas
from each other. Because of the receptor saturation, S1 connec-
tions may be less prone to synaptic plasticity such as long-term
potentiation (Egger et al., 1999), whereas the V1 connections are
more modifiable upon different stimuli.
Similarities and differences of synapses at two sensory areas
and their physiological implication
The connections in V1 show heterogeneous Pr, whereas those in
S1 are more homogeneous. There could be several reasons for
this disparity. The Ca2 sensor of the release machineries for the
two systems could be different. It is possible that the distance
between the vesicles and Ca2 channels in V1 connections is
more variable than that in S1 connections. The cell morphology
in the two cortical regions could be different. The location of
synaptic contact in V1 might be more diverse than in S1, or the
axon arbor could bewider inV1. Furthermore, the vesicle replen-
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ishment rates differ from V1 to S1 neurons. Upon a strong depo-
larization (depletion pulse), vesicle replenishment rates in S1
were 3 times faster than those in V1 (Trec in S1, 30 ms; Trec in
V1, 100 ms). In contrast, when we fit the depression curve of the
train stimulation, the replenishment rates were the same in both
cortical regions (Trec of both, 100 ms). During a long depolariza-
tion, there is amassive presynapticCa2 influx, whichmost likely
speeds up the replenishment process in S1, whereas in V1 this
process is saturated during a 50Hz stimulation. Nevertheless, the
vesicle replenishment rate ismuch faster than retinal bipolar cells
(Mennerick andMatthews, 1996) and the calyx of Held (Wu and
Borst, 1999) (the order of seconds), and is comparable to mossy
fiber and parallel fiber synapses in cerebellum (Saviane and Silver,
2006; Crowley et al., 2007) aswell as hair cell synapses (Moser and
Beutner, 2000; Griesinger et al., 2005; Li et al., 2009). Since a
prolonged depolarization did not releasemore vesicles compared
with an AP train, no reluctant vesicles exist at the L4 synapse
(Mennerick and Matthews, 1996; Neher and Sakaba, 2001;
Hallermann et al., 2003). Thus, the cortical synapses with a lim-
ited number of functional release sites may be able to maintain
effective transmission by fast vesicle replenishment together with
a high release probability.
The dynamic clamp experiment (Fig. 6) further demonstrates
that S1 synaptic conductances can elicit APs more reliably at the
postsynaptic neuron. Therefore, the differences in synaptic pa-
rameters (high Pr and slower synaptic decay) enable more reli-
able AP firing at the postsynaptic neuron. To elicit an AP at the
postsynaptic site, both S1 and V1 need a convergence of multiple
presynaptic inputs (4) (Fig. 6). This is consistent with the find-
ing that multiple RS neurons can be activated simultaneously
within the cortical column under more physiological condition
(Petersen and Sakmann, 2000). Because altering the decay time of
the simulated synaptic conductance by 1ms has an effect on spike
generation (Fig. 7), the efficacy with which multiple synaptic
inputs can elicit postsynaptic spikes would be, in part, deter-
mined by the degree of synchrony between those inputs. Al-
though other factors, such as the intrinsic membrane properties
(Na channel activation, K channel inactivation, etc.) are
equally important for reliable firing, synaptic mechanisms defi-
nitely play a major role.
Moreover, if we consider the morphological differences, the
RS–RS network of L4 in S1 can integrate signals from various
inputs into steady but specific outputs. This is because the neu-
rons form a barrel structure (Feldmeyer et al., 1999; Petersen and
Sakmann, 2000) and the intracolumn connection rates are much
higher than the intercolumn ones (20%) (Lefort et al., 2009).
However, the same network in V1 does not show such strong
integration in L4. Connectivity is very low (5%) (Rochefort et al.,
2009; our unpublished observation), which makes coupling be-
tween neurons highly unreliable. Also, heterogeneous Pr might
imply that the postsynaptic neurons integrate various kinds of
signals. Thus, we suggest that these differences in structural and
physiological properties might correlate to the underlying func-
tional tasks of the respective cortical areas.
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